Abstract-Load harmonic currents and load unbalances reduce power quality (PQ) supplied by electrical networks. Shunt active power filters (SAPFs) are a well-known solution that can be employed to enhance electrical PQ by injecting a compensation current at the point of common coupling (PCC) of the SAPF, the load, and the electrical grid. Hence, SAPF controllers must determine the instantaneous values of the compensation reference current, including nondesirable components of the load current. A family of SAPF controllers, which evaluates the compensation reference current using synchronous rotating frames (SRFs), employs a structure based on Park transformations: direct transform, lowpass filtering (LPF), and inverse transform. The cutoff frequency and the filter order of the LPF stage must be designed properly in order to obtain an accurate reference current and a fast dynamic response of these SAPF controllers. This paper proposes a recursive implementation of the direct Park transformation that avoids the filtering stage and allows accurate SRF controllers to be designed. Moreover, the proposed implementation is not dependent on PCC conditions. The proposed implementation is evaluated using a three-phase, three-wire SAPF and compared with LPF-based controllers by simulation and experiment.
I. INTRODUCTION

S
HUNT active power filtering is a well-known technique employed to compensate load harmonic currents, load unbalance, or load reactive power at the point of common coupling (PCC) of the shunt active power filter (SAPF), the electrical grid, and the distorting load [1] , [2] . A digital SAPF controller must carry on three functionalities during each sampling interval: evaluate the instantaneous values of the compensation reference current, evaluate the current consumption which is maintained by the SAPF dc-bus voltage, and ensure that the injected compensation current at the PCC matches the previously evaluated values [3] . The performance of the SAPF depends on each of these three functionalities, with the instantaneous evaluation of the compensation reference current being a key point.
The reference current can be evaluated using different approaches [2] , [4] , but the most commonly used are the following: the calculation of the load active and reactive power, e.g., the power quality method [5] - [7] , or the Fryze-BuchholzDepenbrock (FBD) method [8] , [9] ; the direct evaluation of the load active current, such as synchronous rotating frame (SRF) decomposition-based methods [10] - [12] ; or the evaluation of the load current harmonic components for selective compensation, e.g., discrete Fourier transform [13] , [14] or Kalman filtering [15] , [16] . This paper focuses on single-SRF-based methods for harmonic currents compensation, where the compensation reference current i * αβ (k) can be evaluated by subtracting the target source currentî αβ (k) from the load current i αβ (k) [ Fig. 1(a) ]. If selective harmonic compensation is required, more SRFs should be employed in order to establish the harmonic components of the source target current. The basic structure of SRF methods, depicted in Fig. 1(b) , consists of direct (DQ) and inverse (DQ −1 ) Park transformations, which allow the evaluation of a specific harmonic component of the input signal i αβ (k) and a low-pass filtering stage LPF.
The software phase-locked loop (SPLL) generates sin ωk and cos ωk functions, where ω = 2π/N and N ∈ R + is the number of samples that should be considered at the fundamental grid frequency, synchronized with the fundamental component of the grid voltage. These signals can be applied to i αβ (k) through the direct Park transformation (DQ) in order to obtain a frequencyshifting effect of the harmonic components of the load current. The DQ transformation output signals depend on the load current spectrum (harmonic frequency and sequence) and the performance of the SPLL. The harmonic component matching the SRF pulsation (ω) is shifted to a dc component, while other frequency components of the input signal are shifted to higher frequencies, i.e., fifth and seventh harmonics to 6ω. Hence, the input signal components with frequency ω can be obtained after an LPF stage is applied to the DQ transformation outputs. Finally, the DQ −1 transformation allows the target source current in αβ coordinates to be obtained. As a consequence, the LPF stage must be designed carefully (cutoff frequency and filter order) in order to avoid erroneous compensation reference signals during the SAPF operation. In particular, the load current spectrum must be considered during the design process.
This paper presents a recursive implementation of the DQ transform DQ r , which avoids the LPF stage in SRF-based structures. This implementation allows an accurate evaluation of specific harmonic components independent of PCC conditions. The mathematical analysis, simulation, and experimental results obtained on a three-phase, three-wire SAPF are given.
II. SRF-BASED CONTROLLERS IN THE FREQUENCY DOMAIN
This section analyzes the frequency response of the structure shown in Fig. 1(b) and proposes a first approach to the recursive implementation of the Park transformation DQ r . As will be shown in this section, this approach is sensitive to frequency variations, and a modified DQ r will be proposed.
A. DQ-LP F -DQ −1 Structure
The Park transformation allows the load current signals to be represented using a rotating complex frame. The Park transformation is described as
where
with x α (k) and x β (k) being the load current components in a stationary complex frame (i.e., the outputs of a Clarke transformation), x d (k) and x q (k) the outputs of the Park transformation, and Φ k the transformation matrix obtained by means of the SPLL. The harmonic components of the load current can be filtered out from x d (k) and x q (k) by applying an LPF filtering stage
where m is the filter order, and n i and d i are constant coefficients corresponding to the numerator and denominator, respectively. Butterworth filters are commonly employed in the filtering stage due to their plain gain up to the cutoff frequency. Finally, the αβ coordinates of the fundamental component of the load current at ω can be obtained by applying the inverse Park transformation
wherex d (k) andx q (k) are the filtered outputs of the DQ transformation.
The DQ-LPF-DQ −1 transformation can be analyzed in the frequency domain [17] - [20] to obtain
The direct Park transformation and the LPF stage can be implemented by applying a recursive algorithm. The average values of the DQ transform outputs at instants k and k − 1 can be obtained by considering N r ∈ Z + samples at the fundamental grid frequency
As a consequence, the recursive Clarke transformation can be obtained
As in the previous case, the αβ coordinates of the fundamental component of the load current can be obtained by applying (4) . It must be considered that, depending on the sampling frequency and the fundamental grid frequency ω, the number of samples employed for the recursive implementation N r can be different from N , which is evaluated by the SPLL: the pulsation of sin and cos functions (2π/N ) is changed by the SPLL to maintain the synchronization with the grid voltage. The next section discusses the effect of N = N r on this implementation.
The Appendix analyzes the recursive Park transformation in the frequency domain to obtain
with 
C. Frequency-Domain Analysis of the SRF Structures
As can be seen in Fig. 2 (a), G 1 (z) and G 1,r (z) reach a maximum of −6 dB gain, which is due to the fact that both x α and x β components contribute to the averaged outputsx α andx β . The LPF-based method with a 5 Hz cutoff frequency, presents the narrowest bandpass at the fundamental grid frequency, but, as will be shown in the following sections, its response time under load transients is the worst. Due to the requirement of a narrow bandpass in order to compensate the load current harmonics properly, slow response times can be considered as a drawback when the current harmonics of time-varying nonlinear loads are compensated. The frequency response of G 1 with f c = 50 Hz is the worst due to the fact that the attenuation for the third and fifth harmonics is low, reaching −9.74 and −19.25 dB gains, respectively. Moreover, the plain gain response below 50 Hz does not allow low-frequency load variations to be filtered out. The LPF-based method with f c = 30 Hz can be an alternative for filtering out the fifth harmonic (its effect is reduced to 5% of its initial value), but the third harmonic remains high (−17 dB), and it cannot be employed in four-wire configurations with high load current consumption at 150 Hz. As a consequence, depending on the load current spectrum, which can vary with the PCC voltage distortion, the LPF must be designed properly, reaching a compromise between the bandpass width of G 1 (z) and the response time under dynamical load conditions. The proposed method, as will be shown in the following sections, has a constant response time, and its frequency response [G 1,r (z)] allows undesirable harmonic components of the load current to be compensated by introducing zeros at their frequencies. Fig. 2(b) shows the frequency response obtained for G 2 (z) and G 2,r (z). Again, the LPF with f c = 5 Hz, despite being the slowest one, obtains the narrowest bandpass at the pulsation of the SRF. The dynamic response can be improved by increasing the cutoff frequency, but, then, the bandpass frequencies around ω increase, and hence, the impact of harmonics different from the fundamental component increases. The effect of these load current harmonics can be minimized by means of the proposed recursive Park transformation, which introduces multiple notches in the frequency response at their frequencies.
According to (14)- (17), the proposed recursive implementation is sensitive to frequency variations of the fundamental grid component. Rewriting (16) in a zero-pole form
In the case N r = N , ω = 2π/N = 2π/N r , and the two zeros in the numerator, at ω, are canceled due to the poles in the denominator. When N r = N , such zero-pole compensation cannot be done, and as a consequence, a resonance around ω would appear in the frequency response. Moreover, due to the effect of noncompensated zeros at 2π/N r , a notch should be present in the frequency response at 2π/N r . An equivalent analysis can be carried out in the case of G 2,r . This effect is analyzed in Fig. 3 by plotting G 1,r at different sampling frequencies (f s = 6.4 kHz and f s = 1 kHz) and grid frequencies (49-51 Hz). From Fig. 3 (a) and (c), the frequency response of the proposed method is little dependent on the sampling frequency because of the gain at very low frequencies (−67.13 dB at f s = 6.4 kHz and −51.71 dB at f s = 1 kHz). Hence, the proposed recursive implementation can be considered an interesting alternative in SAPF controllers operating at low switching frequencies to reduce the switching losses. Due to the effect of grid frequency variations, the zero of G 1,r cannot compensate for the transfer function poles at the SRF pulsation ω, and as a consequence, gain peaks appear around the SRF frequency. This phenomenon is shown in more detail in Fig. 3 (b) and (d).
As can be seen, the magnitude of the gain peaks depends on the deviation of N r from N .
D. Modified Recursive Park Transformation
In order to avoid the effect of grid frequency variations on the proposed recursive transformation, two alternatives can be employed: 1) the sampling frequency of the overall controller can be changed to match N = N r or b) the frequency drift effect can be compensated by software. The first solution implies a dynamic redesign process of other elements of the SAPF controller in order to maintain their performance. This is the case of PI dc-bus voltage controllers where the proportional and integral constants should be changed to ensure the SAPF stability and compensation capability [21] . As a consequence, the second alternative has been selected.
Grid frequency variations are tracked by means of the SPLL, which changes the elements of the transformation matrix Φ. As a consequence, and according to (21) , resonances and notches in Fig. 3 are due to ∆ operators in (12) and (13) . In order to place properly the zeros in (21), the averaging windows corresponding to ∆ operators must be dynamically resized for each sampling interval. Anyway, it must be considered that only an integer number of samples N can be applied to ∆ operators, while N can be noninteger, and, as a consequence, small frequency drifts can continue reducing the method performance. Their effect can be compensated by applying a new transformation matrix, which can be interpreted as a transformation of αβ components to a second rotating frame whose pulsation corresponds to N . In this way, the poles in (21) at ω are shifted to the frequency of the previously displaced zeros and zero-pole compensation success again. Hence, the modified Park transformation can be defined as
with T s being the sampling period, f PLL the measurement of the grid frequency obtained by means of the SPLL, and In order to obtain the αβ coordinates of the fundamental component of the load current, the inverse Park transformation must be modified
III. SIMULATION RESULTS
The SRF-based controller depicted in Fig. 1(a) has been implemented in MATLAB/Simulink in order to establish its performance when DQ-LPF-DQ −1 , DQ r -DQ −1 , and modified DQ r -DQ −1 transformations are employed. The implementations based on LPFs apply second-order Butterworth low-pass filters with cutoff frequencies f c = 5 Hz and f c = 50 Hz. The controller sampling frequency is f s = 6.4 kHz. The simulation results have been obtained considering that the controller under test is applied to an ideal SAPF, without the dc-bus voltage and injection current controllers, and hence, the injection current matches the compensation reference current (Fig. 4) . Moreover, it is assumed that only harmonic compensation is required (no reactive power compensation). The employed test load is a threephase, three-wire full-wave diode rectifier with a capacitive dc side that is fed by a distorted PCC voltage according to IEEE Std. 519 [22] (3% fifth and 3% seventh harmonics). The load dc-side characteristics can be changed during the tests in order to evaluate the dynamic response and the performance of each method. The analyzed SRF implementations have been tested under slow frequency variations of the grid voltage (different N r and N ) and without frequency variations (N r equals N ) in order to establish their performance.
A. N r Equals N
The grid frequency is maintained at 50 Hz (N = N r = 128) during the test, and the performance of each method is evaluated in abc and dq components. The spectra of the applied source voltage and the load current signals in phase A are shown in Fig. 5(a) , where the total harmonic distortion (THD) of the load current is 57.4%, with high fifth and seventh harmonics.
Once the SAPF begins the compensation of the load current harmonics, the source current consumption at the fundamental grid component must be maintained under the simulation model depicted in Fig. 4 . The obtained results demonstrate that the deviation of the source current from the load current at the fundamental grid frequency is maintained within a maximum 0.2% [ Fig. 5(b) ] due to the employed ideal SAPF model. The measured source current harmonics are shown in Fig. 5(c) , and as can be seen, the SRF method based on the LPF with f c = 50 Hz shows the worst performance due to the frequency response of this method. In this case, the fifth and seventh load current harmonics are attenuated only up to 3.5% and 1.7%.
In order to test the performance of the SRF controllers, the load current consumption changes at 0.04 s, reaching a new steady state after 22.97 ms. During the load transient, the PCC voltage maintains its harmonic distortion levels. The inner dq components of each SRF controller are shown in Fig. 6(a) and (b). The measured response times applying the recur- 
B. Different N r and N
Section II-C shows that grid frequency variations reduce the performance of the proposed recursive implementation. Hence, the SRF implementations have been analyzed under slow grid frequency variations (N r = 128 depends on the assumed grid and sampling frequencies, while N is determined by the SPLL). Per-unit grid voltage and load current during a frequency variation are shown in Fig. 7(a) . The frequency varies from 50 Hz at 0.4 s to 49 Hz at 0.6 s. Due to the effect discussed in Section II-C, the recursive implementation fails when compensating the load current, and as a result, the source current increases with time [ Fig. 7(b) ]. The modified recursive implementation operates properly and maintains the source current THD below 0.3%. The response of the LPF-based implementations is shown in Fig. 7(c) , and as in Section III-A, the performance depends on the LPF stage characteristics obtaining a source THD equal to 8.6% in the case of f c = 50 Hz and 0.3% for f c = 5 Hz. As a consequence, the proposed modified recursive implementation can be considered as an alternative to LPF-based implementations in electrical grids with frequency variations. Fig. 8 shows the dq components of each evaluated SRF method. Considering LPF-based implementations, the obtained results in this case and N r = N are similar. In the case of the recursive implementations, Fig. 8(a) and (b) shows that the dq components of the DQ r method diverge, and, as a consequence, the results shown in Fig. 7(b) are obtained. In the case of the modified DQ r method, the obtained dq components are pure sinusoids whose frequency is ω /2π. This is due to the transformation to a second rotating frame. The SPLL measures the grid frequency [ Fig. 8(c) ], and the window length (N ) is dynamically resized [ Fig. 8(d) ]. The oscillation in Fig. 8(a) and (b) is due to the remaining small frequency drift, which is compensated by means of the modified transformation matrix (24) . As a consequence, the amplitude and frequency of these sinusoidal signals depend not only on the characteristics of the load current but also on the value of N .
IV. EXPERIMENTAL RESULTS
The analyzed SRF-based controllers have been tested using a laboratory setup depicted in Fig. 9 . A modified VLT-5004 drive from Danfoss is employed as power stage of the threephase, three-wire SAPF, and three inductors (L = 3 mH and R = 1.3 Ω) operate as current links. A power generator (HP-6834-B) is employed to generate the harmonic distortion levels according to IEEE Std. 519 [22] (3% fifth and 3% seventh harmonics), and feeds a full-wave diode rectifier with a capacitive dc side (C = 2200 µF, R 1 = 32 Ω, and R 2 = 64 Ω). A switch sw is employed to generate load transients. The SAPF controller is executed in a control card DS-1104 from DSpace.
A. SAPF Controller Implementations
The SAPF controllers previously analyzed by simulation have been experimentally implemented in order to compare their performances. The general structure of the developed controller is shown in Fig. 10 . As can be seen, the evaluated methods share the same general structure: an SPLL, the dc-bus controller, the injection current controller, and a pulsewidth modulator (PWM).
The measured grid voltages are normalized in order to obtain v αβ signals, which will be applied to the SPLL for synchronization purposes. Normalization is required in order to avoid the impact of the grid voltage amplitude on the inner PI controller gains. The SPLL input signals are transformed to a certain rotating frame whose frequency ω PLL and phase are adjusted by applying a PI controller (t set = 20 ms and ξ = 0.707) to the q component of the normalized input voltage signals [23] , [24] . As a result, the grid voltage frequency f PLL , only required by the modified DQ r -DQ −1 method, and the rotation matrix Φ are obtained. In the case of voltage unbalance, the SPLL structure should be modified in order to track the positive sequence of the grid voltage.
A PI controller allows the SAPF dc-bus voltage V dc to be maintained almost constant at V * dc during the SAPF operation, ensuring a proper dynamical response under load variations (V * dc = 210 V, K p = 0.024, and K i = 0.011) [21] . In order to minimize the effect of transients on the integral part of the PI controller, i.e., during the SAPF startup, an antiwindup block has been included. The current consumption, which maintains the dc-bus voltage, is evaluated by multiplying the PI controller output and the sin and cos signals generated by the SPLL.
The current controller must ensure that the injection current I c αβ matches the compensation reference current. In this case, and due to the frequency spectrum of the nonlinear load to be compensated, one proportional (K p = 16.5) and three resonant blocks, with resonance frequencies at the fundamental component and the fifth and seventh harmonics (K 1 = 10 3 , K 5 = 2 × 10 3 , and K 7 = 5 × 10 3 ), have been selected as current controllers. It must be considered that if the frequency spectrum of the nonlinear load current contains more harmonic orders, the number of applied resonant blocks should be increased in order to introduce new resonances at such harmonic frequencies. The inclusion of new resonant blocks, if required, could deteriorate the controller stability, and hence, the resonant block gains should be redesigned. Moreover, it must be considered that grid frequency variations can deteriorate the performance of such current controllers based on resonant blocks. Detailed information about the implementation of current controllers based on resonant blocks can be found in [25] - [29] . The structure of the implemented current controller is depicted in Fig. 10 . The current controller output signals must be applied to the modified VLT-5004 drive by means of the DSP timers, which is done by evaluating the duty cycle of each inverter leg through a sinusoidal PWM [30] . The switching frequency of the SAPF is 4 kHz (N r = 80).
The inner structure of the evaluated methods is shown in Fig. 11 , which depicts the structure of a conventional DQ-LPF-DQ −1 based method. The tested LPFs, according to (3), have been implemented as discrete second-order Butterworth filters with 5 and 50 Hz cutoff frequencies. The structure of the implemented recursive Park transformation is shown in Fig. 11(b) . Both ∆ operators are implemented as constant-length circular buffers, andx dq are obtained by means of two discrete integrators. The implementation of the modified DQ r -DQ −1 method requires the measurement of the grid frequency f PLL in order to establish the window length N of ∆ operators. As a consequence, two circular buffers with variable lengths have been employed. The maximum and minimum lengths are bounded by the grid frequency limits. The obtained values are transformed to a rotating frame where small frequency drifts are compensated by applying Θ. Fig. 12 shows the experimental results obtained during the compensation process of the nonlinear load by means of the analyzed SRF controllers. As can be seen in Fig. 12(b) , there is a deviation from the load current consumption at the grid frequency. This is due to the fact that a portion of the load active power is supplied at the fifth and seventh harmonics. Once the SAPF is operated properly, these harmonic currents must disappear from the source current spectrum. As a consequence, and in order to avoid the active power mismatch, the SAPF must increase the amplitude of the fundamental component of the source current. The lowest deviation is measured for the f c = 50 Hz LPF-based controller (4.1%), and as will be shown in Fig. 12(c) , this is due to an erroneous harmonic compensation that requires a lower active power to be supplied through the SAPF. It must be considered that the obtained experimental results differ from the simulation ones [ Fig. 5(b) ] due to the fact that in the first case, only the electrical grid supplies power to the PCC, but in the second case, and considering the SAPF as an ideal controllable current source, the power balance at the PCC can also be changed by the SAPF.
B. N r Equals N
The measured source current is shown in Fig. 12(c) . As can be seen, all the analyzed methods compensate the fifth and seventh harmonics of the load current. The method involving the f c = 50 Hz LPF exhibits the lowest performance, with 1.28% and 6.74% for these harmonics, respectively.
A load transient has been applied by means of switch sw at t = 0.046 s. The evolution of dq components for the SRF implementations under test is shown in Fig. 13 The instantaneous values of the PCC currents in the case N r = N (the grid frequency is 50 Hz) during the compensation process of the nonlinear load current are shown in Fig. 14 . The initial load current has a THD equal to 70.3%. Once the SAPF has reached the stationary state, and applying the LPFbased methods with f c = 50 Hz and f c = 5 Hz, the source current THD is reduced to 8.4% and 4.3%, respectively. The difference between the reached THDs is due to characteristics of the applied LPF in each case. The DQ r -based controller and its modified version also reach low THDs, i.e., 4.2% and 4.3%, respectively.
C. Different N r and N
The SAPF controllers have been tested by applying grid voltage frequencies in the range 49-51 Hz with 0.5 Hz variations. Moreover, the resonance frequencies of the current controllers have been changed during the tests in order to avoid their effect on the comparison. Fig. 15(a) shows the dq components evaluated by the DQ r method. As can be seen, due to N r = N , the recursive implementation fails during the evaluation of the actual dq components of the load current. As a consequence, after the SAPF initialization, the overcurrent protection of the laboratory setup trips out and the SAPF is stopped. Hence, the operation of the SAPF prototype at frequencies in the range 49-51 Hz has been tested with LPF-based controllers and the proposed modified recursive implementation. Fig. 15(b) shows the measured fundamental component of the source current with compensation at the test frequencies (49, 49.5, 50, 50.5, and 51 Hz). As can be seen, increasing the test frequency reduces the load current consumption, and as a consequence, the fundamental component of the source current. This effect is due to the fact that higher grid frequencies reduce the discharge transient of C, while lower grid frequencies make this transient longer, which requires higher peak currents recharge this filtering capacitor. The current consumption of the LPF-based controller with f c = 50 Hz is the lowest one in all tests, which is due to errors in the harmonic compensation.
The relative amplitudes of the measured fifth and seventh harmonics of the source current after the compensation are shown in Fig. 15(c) and (d), respectively. As can be seen, the LPF-based implementation with the lowest cutoff frequency and the proposed modified recursive implementation obtain similar results, while the f c = 50 Hz LPF-based controller cannot compensate the load current harmonics properly.
The dq components evaluated by means of the tested SAPF controllers are shown in Fig. 16 . The programmable power generator fed the nonlinear load at 51 Hz in order to obtain this figure. The LPF-based methods obtain equivalent results as in the case of N r = N . Small notches in dq components are due to the operation of the antiwindup protection associated with the dc-bus voltage controller (Fig. 10) . The modified DQ r method generates a proper reference current for compensation purposes due to a second transformation to a rotating frame. From Fig. 16 , the period of the measured dq components is 3.55 s, which corresponds to ω /2π = 0.28 Hz, the frequency of the second rotating frame. The controller adjusted the length of ∆ operators from 80 to 78 samples. In the case of the DQ r method, the overcurrent protection of the laboratory setup was tripped out while charging the dc-bus capacitor, and hence, the SAPF controller stopped the laboratory prototype.
The measured currents at the PCC, when the frequency of the programmable power source is 51 Hz and the stationary state is reached, are shown in Fig. 17 . As was previously discussed, the results associated with the DQ r -based controller are not depicted. The waveform of the source currents are quite similar in all the tested methods, but the f c = 50 Hz LPF-based controller exhibits a higher ripple. The measured THDs reveal this effect. The initial load current THD is 72.1%, and applying the laboratory prototype of SAPF, it is reduced to 10.1%, 5.7%, and 5.3% by means of the LPF and modified DQ r -based controllers. As in previous cases, the best THDs are reached by employing an LPF stage with a low cutoff frequency, and equivalent results can be obtained by applying the proposed method. It must be considered that, in the case of transients at the PCC, and as was shown in Fig. 13 , a low cutoff frequency results in a slower response time.
V. CONCLUSION
This paper has proposed a recursive implementation of the Park transformation that allows the improvement of SRF-based controllers in SAPFs. Two recursive implementations, nontolerant and tolerant to grid frequency variations, have been proposed and compared to LPF-based implementations. A mathematical analysis, simulation tests, and experimental results obtained on a laboratory prototype of SAPF were given. The obtained results demonstrate that the performance of LPF-based implementations depends on the PCC conditions and the filtering stage characteristics: controllers with low cutoff frequencies can be designed to obtain a good stationary state behavior, but their response times to transients are high, while controllers with high cutoff frequencies have fast response times and low performance in stationary state. The proposed recursive implementation can be applied without considering the PCC conditions, and it avoids the design stage associated with LPF-based methods. Moreover, the obtained compensation results in stationary state and the measured response times to transients make the proposed method suitable for the development of improved SAPF controllers. 
CONTROLLERS
The proposed DQ r -DQ −1 based controller can be analyzed in the frequency domain by applying Euler's formula to (11) 
